We argue that outward transport of energy by convection and photon diffusion in a common envelope evolution (CEE) of giant stars substantially reduces the fraction of the recombination energy of hydrogen and helium that is available for envelope removal. We base our estimate on the properties of an unperturbed asymptotic giant branch (AGB) spherical model, and on some simple arguments. Since during the CEE the envelope expands and energy removal by photon diffusion becomes more efficient, our arguments underestimate the escape of recombination energy. We hence strengthen earlier claims that recombination energy does not contribute much to common envelope removal. A large fraction of the energy that jets deposit to the envelope, on the other hand, might be in the form of kinetic energy of the expanding and buoyantly rising hot bubbles. These rapidly rising bubbles remove mass from the envelope. We demonstrate this process by conducting a three-dimensional hydrodynamical simulation where we deposit hot gas in the location of a secondary star that orbits inside the envelope of a giant star. Despite the fact that we do not include the large amount of gravitational energy that is released by the in-spiraling secondary star, the hot bubbles alone remove mass at a rate of about 0.1M yr −1 , which is much above the regular mass loss rate.
INTRODUCTION
Even with more and more sophisticated three-dimensional simulations of the common envelope evolution (CEE) the community did not yet produce the expected results of full envelope ejection (e.g., Livio & Soker 1988; Rasio & Livio 1996; Sandquist et al. 1998 Sandquist et al. , 2000 Lombardi et al. 2006; Ricker & Taam 2008; Taam & Ricker 2010; Passy et al. 2011 Passy et al. , 2012 Ricker & Taam 2012; Nandez et al. 2014; Ohlmann et al. 2016a,b; Staff et al. 2016; Kuruwita et al. 2016; Iaconi et al. 2017b; De Marco & Izzard 2017; Galaviz et al. 2017; Iaconi et al. 2017a) . These difficulties arise although in most cases the gravitational energy that is released by the in-spiraling binary system is larger than the binding energy of the common envelope (CE; e.g., De Marco et al. 2011; Nordhaus & Spiegel 2013) . It seems that this is not a numerical problem, but rather there is a fundamental problem for the binary system to release the orbital energy E-mail: efrats@physics.technion.ac.il, shlomihi@tx.technion.ac.il, ronsr@physics.technion.ac.il, soker@physics.technion.ac.il when the orbital separation is small. The reason might be that there is only little envelope mass at small orbital separations (Soker 2013) .
To overcome the problem of envelope removal, it has been suggested that either the rotating envelope has an enhanced mass loss rate due to radiation pressure on dust (Soker 2004 (Soker , 2017 , or that extra energy sources exist. One such extra energy source might be jets that are launched by the secondary star, being a main sequence (MS) star or a more compact object (e.g., Soker 2014; Shiber et al. 2017; Moreno Méndez et al. 2017) . This is supported in part by the finding of Blackman & Lucchini (2014) who deduce from the momenta of bipolar PNe that strongly interacting binary systems, probably in a CEE, can launch energetic jets. Armitage & Livio (2000) and Chevalier (2012) already studied the ejection of the CE by jets launched from a neutron star (NS) companion, but they did not extend the jet-mechanism to include other types of secondary stars.
Another extra energy source to remove the CE that has been proposed is the recombination energy of hydrogen and helium (e.g., Nandez et al. 2015; for recent papers, and Kruckow et al. (2016) for a recent discussion of recombination and accretion extra energy sources ).
For efficient removal of the CE by recombination energy, it is required that there will be no time for radiation to escape and carry this energy out of the envelope. Harpaz (1998) and Soker & Harpaz (2003) argued that the sharp reduction of the optical depth in the hydrogen recombination zone allows the radiation to escape, and hence the contribution of hydrogen recombination energy to the CE ejection is very small. For example, if the recombination takes place at an optical depth of τ ≈ 100 − 1000 (e.g., Ivanova et al. 2015; , the photon diffusion time is much shorter than the acceleration time of the wind, and most photons diffuse out. Some recent suggestions that the recombination energy is an important energy source to the removal of the CE do not confront these arguments.
In the present study we examine the time it requires for radiation and convection to carry recombination energy out of an asymptotic giant branch (AGB) star, and from that put an upper limit on the efficiency by which the recombination energy can be used to expel the CE. Giant stars, such as red giant branch (RGB) and AGB stars, have very strong convection. In general, however, three dimensional (3D) numerical simulations of the CEE do not include the energy that can be carried out by convection. The reason for this is numerical limitations. Earlier calculations of the energy transport by convection during the CEE (e.g., Meyer & Meyer-Hofmeister 1979; Podsiadlowski 2001; ) concentrated on the later CEE phases, and did not consider the removal of recombination energy. We here concentrate on removal of recombination energy.
RADIATIVE COOLING OF RECOMBINATION LAYERS
To study the diffusion in a typical AGB star we conduct stellar evolution simulations using the MESA (Modules for Experiments in Stellar Astrophysics) code, version 9575 (Paxton et al. , 2013 (Paxton et al. , 2015 . We calculate stellar evolution from zero age main sequence (ZAMS) until the formation of a white dwarf (WD) for a star with a ZAMS mass of M1,ZAMS = 2M and with solar metallicity, Z = 0.02. The photon diffusion time out of a recombination zone at a depth of ∆R below the photosphere is
where τ is the optical depth from the recombination zone outwards, and c is the speed of light. We scaled the values of τ and ∆R with the typical quantities of the zone where the ionization fraction of hydrogen is 50% in our AGB model of mass of M1,AGB = 1.75M , and a radius of R1 = 220R . We present the optical depth and diffusion time for this model in the upper panel of Fig. 1 . In the lower panel we present the ionization degrees of hydrogen and helium. The time scale to deposit energy into the envelope during its removal is the plunge-in time of the secondary star plus the acceleration time of the envelope. According to the results of, e.g., Passy et al. (2012) and Ohlmann et al. (2016a) , the plunge-in time is a little below the orbital time on the surface of the giant T orb . We therefore take the envelope ejection time to be tej ≈ T orb = 2πR1/v kep , where v kep is the Keplerian velocity on the surface of the giant at radius R1.
The ratio Fγ of photon energy that is used to accelerate the gas is crudely given by
where we scale quantities according to the zone where the ionization degree of hydrogen is 50%. As the star expands, the diffusion time scale decreases and the expansion time increases. Therefore, the fraction Fγ given above is an upper limit.
The value of Fγ(H + ) implies that a substantial fraction of the energy carried by hydrogen recombination photons ends in radiation rather than in mechanical energy of the envelope (Harpaz 1998) .
As evident from the high optical depth of the helium ionizations zones, the radiation by itself has no time to remove the energy from helium recombination if that zone expands on a dynamical time. 
CONVECTIVE COOLING OF RECOMBINATION LAYERS
We now examine whether convection might carry the recombination energy to the photosphere, where it will radiate away. We present the relevant quantities, density and sound speed in the envelope, in the upper panel of Fig. 2 for our AGB model (see section 2). In the lower panel we present again the ionization degrees of hydrogen and helium. Ohlmann et al. (2016a) conducted 3D simulations of the CEE, and found instabilities that indicate the onset of turbulent convection. They further noted that these can play a significant role in the energy transport on thermal time scales. We here present a crude estimate and show that energy transport by convection cannot be neglected when the helium recombines.
Consider an envelope with a density profile of ρ(r) = ρrec(r/rrec) −2 , which is rather a reasonable approximation for large AGB stars, i.e., radii of R * > ∼ 1 AU, in the helium ionization zone. Let rrec be the radius where the recombination takes place, i.e., ionization fraction is about 50 per cent. The envelope mass inner to this radius is Menv(rrec) = 4πρrecr 3 rec . The energy that can be released by recombination of He ++ to He + of that mass is
For these parameters the envelope mass inward to radius r is Menv(r) = 0.776(r/rrec)M . We take a helium mass fraction of Y = 0.3 and we scale quantities with their typical values in the zone where the ionization fraction of He ++ is 50 per cent.
For the maximum power that subsonic convection can carry we use the expression given by Quataert & Shiode (2012) and Shiode & Quataert (2014) Lmax,conv(rrec) =4πρ(r)r 2 c 3 s (r) = 1.7 × 10
If the entire He ++ in the mass Menv(rrec) recombines, the convection can carry this energy out of the recombination region in a time of
The time it requires for the convection to carry this energy out to an optically thin region where it can be radiated away is much longer. The convective cells need to move a distance ∆R from the recombination zone to the photosphere. They do it in an average sound speedcs. The energy transport time is then 
The relevant time scale of recombination in the simulation of is about 100-200 days. We therefore conclude that a large fraction, possibly more than half, of the recombination energy of the He ++ can be carried away by convection, and then radiated away.
The recombination of He + to neutral helium and of H + to hydrogen in their simulations lasts for a longer time than the recombination time of He ++ to He + . In addition, the flow time of convective cells from the recombination zones of He + and H + to the photosphere is shorter than the convection motion from the recombination zone of He ++ to the photosphere. It turns out that the fraction of the recombination energy of He + and H + that is radiated away is larger than that of the He ++ recombination energy. Overall, less than a half of the total recombination energy of helium, and much less than half of the recombination energy of hydrogen, are available to eject the envelope.
We calculate the binding energy of the envelope for the density profile ρ(r) = ρrec(r/rrec) −2 , as used in deriving equation 3. Including the virial theorem, the binding energy of the envelope is taken to be about half the magnitude of its gravitational energy. Integration over spherical shells from an inner envelope radius of Renv,in, which here we take to be about 1R , to radius r gives the approximate expression for the binding energy of the envelope inner to radius r E bin (r) 2πGρrecr 
erg,
where Menv(rrec) is the envelope mass inner to rrec; for the parameters used here Menv(rrec) = 0.776M . The model we simulated using MESA as described in section 2 and presented in the figures there, has a core radius of rcore = 0.03R , a radius of 50 per cent He ++ ionization fraction of rrec = 88R , an envelope mass inward to this radius of Menv(rrec) = 0.63M , and a core mass of Mcore = 0.55M . We find the binding energy of the mass inward to radius rrec and down to Renv,in = 10·rcore = 0.3R to be E bin = 2 × 10 46 erg. Overall, we find that the total energy that can be liberate by the recombination of He ++ to He + (in the entire region inward to rrec) is a small fraction of the envelope binding energy, E(He ++ , rrec) 0.25E bin (rrec). When we consider the removal of abut half of this energy by convection and then radiation, and that the envelope leaves with positive energy (and not zero energy), we conclude that the recombination of He ++ might at most contribute about 10 per cent of the envelope removal energy.
We conclude that most of the recombination energy is radiated away. The radiation is added to the luminosity of the event, which might be classified as an intermediate luminosity optical transient (ILOT) event, that is expected at the beginning of the CEE (e.g. Retter & Marom 2003; Retter et al. 2006; Tylenda et al. 2011 Tylenda et al. , 2013 Nandez et al. 2014; Zhu et al. 2016; Soker 2016b; Galaviz et al. 2017 ).
ENERGY DEPOSITION BY JETS

Preface
Based on section 3, we argue that in many cases the energy carried by convection during the CEE reduces the efficiency by which the energy released by recombination and the spiraling-in process can be used to eject the envelope. The entropy of the rising convective cells in the envelope is not much higher than the entropy of their surrounding, and eventually they reach a radius where they deposit their energy and mix with the surrounding envelope.
When considering a common envelope of a giant star with a main sequence companion, the situation is likely to be different. As the secondary accretes mass it launches two opposite jets. When the gas in the jets hits the envelope and passes through a shock wave it inflates bubbles. Jets are launched at velocities of about the escape speed from the secondary star, whether a MS star, a WD or a NS. For MS stars the jet velocity is then vj 500 km s −1 . As long as the secondary star is not too close to the core of the giant star, e.g., it is at an orbital separation of a > ∼ 5R , the jets' velocity is much higher than the relative velocity of the secondary star and the envelope, and much larger than the velocity of the convective cells. When the gas in jets is shocked it inflates high-temperature bubbles, with a typical temperature of T bub ≈ 3×10 6 K. The entropy of the inflated bubbles is much higher than that of the envelope.
The hot bubbles are expected to rise buoyantly and accelerate envelope gas outwards. The expanding jets and the rising bubbles carry mostly kinetic energy. In the recombination process, on the other hand, most of the energy is thermal, and convection can carry a large fraction of it outwards (section 3).
To study the processes described above, we perform a 3D simulation of a MS star that orbits inside the envelope of a giant star and launches jets.
The numerical scheme
We run the stellar evolution code MESA to obtain a spherical AGB model with ZAMS mass of M1,ZAMS = 4M . We let the star evolve until it reaches the AGB stage after 3 × 10 8 yr. At that time the stellar mass is M1 = 4M , its radius is R1 = 100 R , and its effective temperature is T 1,eff = 3400 K. This stellar model is the same one we have used for our simulations of instantaneously energy injection simulations (Hillel et al. 2017) . We then import the spherical AGB model, namely, the profiles of density and pressure, into the three-dimensional (3D) hydrodynamical code pluto (Mignone et al. 2007 ). The full 3D Cartesian grid is taken as a cube with side lengths of 400 R . The center of the AGB star is placed at the center of the grid at (x, y, z) = (0, 0, 0). We employ an adaptive mesh refinement (AMR) grid with four refinement levels. We use an equation of state of an ideal gas with adiabatic index γ = 5/3. The base grid resolution is 1/48 of the grid length (i.e., 8.33R ), and the highest resolution is 2 3 times smaller (i.e., ∼ 1R ). The refinement criterion is the default AMR criterion in pluto v. 4.2, based on the second derivative error norm (Lohner 1987 ) of the total energy density, which effectively tracks the secondary star and the perturbed regions. In one test we have reduced the number of AMR refinements levels from 4 to 3. The results of the simulation were similar to those of the productive run. At this point our computer resources do not allow us to increase the AMR refinements levels from 4 to 5.
We do not simulate the spiraling-in of the secondary star, but rather let the secondary star orbit at a constant orbital separation of a = 50 R inside the envelope, where the density is ρ50 = 1.06 × 10 −5 g cm −3 . The mass of the AGB star inwards to r = 50 R is M1,50 = 2.7M , the Keplerian velocity at that radius for a very low mass secondary star is vKep,50 = 102 km s −1 and the orbital period is about 25 days. The Bondi-Hole-Lyttleton (BHL) accretion radius for these parameters is RBHL 2GM2/v 1/2 , v rel is the relative velocity of the secondary star and the envelope, cs is the sound speed in the envelope, and we substituted M2 = 0.3M . Since the envelope is expected to rotate, v rel < vKep. The BHL mass accretion rate for M2 = 0.3M and our AGB model at a = 50R isṀBHL πR 2 BHL vρ = 2.7 M /yr. As numerical calculations show that the accretion rate in the envelope is lower than the BHL value (e.g. Ricker & Taam 2012; MacLeod & Ramirez-Ruiz 2015) , and disk formation might be inefficient (e.g., Murguia-Berthier et al. 2017), we take the actual accretion rate to be onlyṀacc = 0.05ṀBHL = 0.135M yr −1 . We assume that the mass outflow rate in the two jets isṀ2j = 0.1Ṁacc = 0.005ṀBHL. The power carried by the jets in our simulation is thereforė E2j = 0.005ṀBHL · v 2 j /2 = 1 × 10 39 erg s −1 . This power is super-Eddington. However, we note that the flow into and out of the secondary star is not spheri-cal. Mass inflows from the equatorial plane direction, and mass and energy are lost along the polar directions. Actually, the jets are likely to carry all the extra energy released by the accreted mass. As the power for the accretion rate found above isĖacc 8 × 10 39 erg s −1 , we could do with an accretion rate as low as about 0.01ṀBHL.
Due to limitations in the numerical resolution we cannot launch jets and follow the formation of hot bubbles by the shocked jets' gas (for the dynamics of jets in the CEE see Moreno Méndez et al. 2017) . The reason for this limitation is that when the outflow from the secondary star is not spherical, we need to take care of the equatorial region around the secondary star where there is no outflow. This requires some more resolution, hence it demands more computing resources, in particular for the simulated cases when the secondary moves through the envelope (i.e., the ambient gas is not static). Instead, we insert isotropic wind that is immediately shocked and forms a hot bubble. The wind is injected from a sphere of radius Rinj = 3R about the location of the secondary star as it orbits inside the envelope. The hot bubble that we insert can be considered as the cocoon that the jets form (as found by Moreno Méndez et al. 2017).
We do not change the orbital separation during the simulation. We do not include the gravity of the secondary star, nor do we include the changing gravity due to the deformation of the envelope mass distribution. The gravitational field remains that of the unperturbed AGB star throughout the simulation.
We end the simulation after about 100 days, when the secondary star has completed about four orbits, as some of the assumptions made here, like a constant orbital separation and the omission of the gravity of the secondary star, become too crude. By the end of the simulation the secondary star has accreted about 2 to 10 percents of its initial mass (depending on the efficiency of accretion energy that is carried by the jets). A low-mass secondary star as assumed here becomes fully convective, and is likely to survive as a MS star.
Results
We focus on the effects that the hot bubbles have on the envelope and on the mass loss process. For that we will present the flow properties, density, velocity and temperature. When we present the results in the equatorial (orbital) plane, the compact companion moves counterclockwise around the center of the giant star that is located at the center of the grid. The large black dot is the initial location of the secondary star. In all panels the axes are from −200 R to 200 R . Fig. 3 presents the density in the equatorial plane z = 0 at six times. In panels (a) and (b) we see the formation and initial growth of the bubble. The bubble is the tail behind the secondary star (the small dot at the front of the bubble). In all panels we see that the bubble is unstable and breaks to many small bubbles. At late times we see that after the bubbles break out of the surface they eject mass from the grid.
To further follow the hot bubble and its break-up we present in Fig. 4 the temperature in the equatorial plane. During the first 30 days there is an effect that results from our initial conditions. We start to inject the outflow from the secondary star when the secondary star is already inside the envelope, rather than follow the entire evolution (due to numerical limitations). This results in a shock that propagates through the very low density region outside the giant, as seen by a red loop in panel (a). This is an artifact that has no influence on the results. The most prominent feature is the hot broken bubble (in red) that trails the secondary star, buoyantly rises through the envelope and ejects mass out of the surface. Signatures of the broken bubble are seen as filaments hotter than their surrounding on the left hand side of the star in panel (b) . The ejection of mass along the orbit results in a spiral pattern, as seen in panels (c) and (d). The immediate temperature of the shocked jets' gas is ≈ 4 × 10 6 K. But the gas is further compressed by the orbital motion, and temperatures rises to ≈ 10 7 K. Eventually the bubble cools adiabatically due to expansion, but always stays much hotter than the envelope, unlike convective cells that eventually merge with the envelope.
In Fig. 5 we present the density and velocity structure at t = 40 day in the equatorial plane (z = 0; upper panel) and the meridional plane (y = 0; lower panel). This meridional plane cuts the equatorial plane seen on the upper panel through a horizontal line at the center of the grid which is the center of the giant. The arrows present a complicated flow structure above the stellar surface, including outflows and vortices. The two large arrows represent the injection of the gas that is immediately shocked. Due to the sparse sampling of grid points for arrows, we see only the injection backward, but we inject gas in all directions. As the envelope becomes more disrupted the velocity field becomes more turbulent.
In Fig. 6 we present the mass that has sufficient energy to escape the gravitational barrier (total positive energy) as a function of time. The blue line depicts the total unbound mass in the grid, while the magenta line depicts only the unbound mass outside a radius of 100 R . At about t = 40 day a noticeable amount of unbound mass starts to leave the numerical grid, as seen here, and in Figs. 3 and 5. Overall, from this graph we deduce an average mass loss rate of ≈ 0.1M yr −1 . This is much larger than the mass injection rate into the wind from the secondary star, of 0.0135M yr −1 . We also note that the envelope mass leaves the grid in a stochastic manner. This behavior is attributed to the instabilities that break the hot bubble.
The main result of this section is that jets alone, before the orbital energy is added, can eject mass about ten times the mass in the jets, for the model used here. Again, this is not sufficient to explain the CEE, but we did not consider here the energy released by the in-spiraling binary system. We also note that here we studied an AGB star with a relatively small radius and high mass. On the upper AGB the star will be much larger and will lose some envelope in a regular wind. The escape speed from an upper AGB star is lower than in our model, and the jets will be more efficient even in removing envelope gas.
SUMMARY
We studied the effect of hot gas in the CEE. First we examined the suggestion that the recombination energy of hydrogen and helium removes the common envelope. In section Figure 5 . Density and velocity maps at t = 40 day. The top panel is in the orbital plane z = 0, and the lower one in the meridional plane y = 0. The presented density values are from 6 × 10 −9 (blue) to 6 × 10 −5 g cm −3 (red), and in a logarithmic scale. The velocity field is annotated by arrows, whose length is proportional to the velocity. The maximum velocities are 555 and 116 km s −1 , in the upper and lower panels, respectively. Units on the axes are in R .
2 we showed that the optical depth from the hydrogen recombination zone to the photosphere is low, such that a large fraction of the recombining photons diffuse out in a time shorter than the envelope ejection time (Harpaz 1998) . In section 3 we used simple arguments to claim that the convection can carry a large fraction of the recombination energy of helium to the surface, where it is radiated away (section 2). In reality, the envelope expands and its density drops as a result of energy deposition by the spiraling-in process and by jets if launched by the companion. This on the one hand reduces the photon diffusion time outwards, but on the other hand the lower density makes convection less efficient. The overall effects of jets activity and the spiralingin process on the fraction of the recombination energy that does not escape in radiation, should be studied by numerical simulations that include all processes, including radiative transfer.
Overall, we concluded in sections 2 and 3 that the re- combination energy does not contribute much to the removal of the envelope. The recombination energy is mainly radiated away, adding to the luminosity of a transient event that might be observed (i.e., an ILOT). In light of our finding and in light of other difficulties in removing the envelope encountered in simulations of the CEE (section 1), there is a need to consider other extra energy source(s). We here studied the possible effects of jets launched by the secondary star (section 4.1 and review by Soker 2016a). Due to numerical limitations we injected an isotropic wind instead of jets (section 4.2). We described our results in section 4.3.
We summarize the main results of our 3D simulation as follows. Unlike convective cells that rise a limited distance and merge with the envelope, the hot bubble that is formed by the secondary star rises all the way to the surface, heavily disturbs the envelope, and ejects some envelope mass. The bubble itself breaks-up to many small bubbles that lead to a complicated behavior of the flow and mass ejection. For our specific model and omission of the orbital gravitational energy, the jets eject about ten times their own mass. The energy that is released by the in-spiraling binary system causes a huge envelope expansion (see references to relevant numerical simulations in section 1). Had we included the gravitational energy of the spiraling-in binary system, the ejected mass would be much larger. This is a topic of a future study.
More generally, our results point out that it is crucial to include energy transport by convection during the common envelope process.
